Abstract: Plunge pool scour involves a significant risk with trajectory spillways because of structural undermining at a dam foot or destabilization of adjacent valley slopes. An experimental program towards the understanding of plane plunge pool scour of a completely disintegrated rock surface was conducted, in which the following items received attention: jet shape, jet velocity, jet air content, tailwater elevation, granulometry, upstream flow to the scour hole, and the end scour profile in terms of the basic scour features. These effects were experimentally investigated based on a systematic variation of the governing scour parameters. The results of this paper allow answering questions that have so far not been addressed. Design equations were proposed to sketch the main tendency of the data sets. The significant effect of the densimetric particle Froude number was substantiated. This research may be used to estimate the prominent scour features for nearly two-dimensional jet arrangements involving a pre-aerated high-speed flow.
Introduction
Plunge pool scour is known for its destructive action at the foot of hydraulic structures, originating from a high-speed air-water jet that produces scour within a short time even in hard rock. Among other sites, the Kariba Dam in East Africa has experienced considerable damage demonstrating the potential of destruction of such energy dissipators. The main hydraulic features of plunge pool erosion are currently based on selected model observations. Mason ͑2002͒, Minor et al. ͑2002͒, Rajaratnam and Mazurek ͑2002͒, and Canepa and Hager ͑2003͒ have recently added to the understanding of these flows. This study furnishes knowledge with an experimental approach conducted at Versuchsanstalt für Wasserbau, Hydrologie und Glaziologie VAW at ETH Zurich, Switzerland. Whereas Canepa and Hager ͑2003͒ included a review of present knowledge and a suitable three-phase Froude number, this work intends to investigate a number of additional effects, namely jet shape, submerged or unsubmerged jet impact, jet velocity, jet impact angle relative to the water surface, and jet air concentration. Further, the effects of tailwater elevation and sediment nonuniformity were investigated. The present experiments refer to a quasi-two-dimensional scour formation in which the rock surface was considered completely disintegrated and thus retaining no safety resistance against scour.
Experimental Setup
The scour experiments were conducted in a rectangular channel previously described by Canepa and Hager ͑2003͒. Its width is 0.500 m; it is 0.70 m high and about 6 m long. The air-water mixture jet was generated with a circular pipe of internal diameter D to which air was added. The air was almost uniformly distributed in the jet as compared to typical prototype conditions with the air discharge decreasing from the jet contour towards the jet core. This arrangement had distinctive advantages as compared with a standard plunge pool scour setup: The air-water ͑subscript AW͒ mixture velocity V AW was accurately defined within ±5%, the model length was much shorter than a combined spillway and take-off structure, and all the hydraulic parameters prior to jet impact onto the tailwater were adequately defined. Fig. 1͑a͒ shows a typical photo of an experimental test. Four jet impact angles relative to the horizontal were investigated, namely, ␣ = 30, 45, 60, and 90°͑Fig. 2͒. The usual jet shape was circular, except for a special series where jets issued from rectangular slits of 0.029 m were produced with a 0.100 m conduit, with the slit axis both horizontal and vertical. Plunge pool scour normally involves a rock bed, whose resistance against hydraulic impact is difficult to assess. A completely disintegrated rock bed simulated with an incohesive granulate of grain size d 50 or d 90 , and a sediment nonuniformity parameter = ͑d 84 / d 16 ͒ 1/2 offers the least resistance against scour. Canepa and Hager ͑2003͒ accounted for the effect of grain size, provided the scour bed was composed of almost uniform sediment. This study considers the experimental Series I and II: Series I involved almost uniform sediment characterized by d 16 = 5.2 mm, d 50 = 6.5 mm, d 84 = 7.8 mm, and d 90 = 8.0 mm, thus = 1.22. The initial sediment thickness varied between 0.30 and 0.40 m. Water discharges were up to Q W = 0.025 m 3 / s, whereas air discharge was limited to Q A = 0.045 m 3 / s for a constant pipe diameter D = 0.070 m. Series II involves the effects of the tailwater depth, the granulometry, the upstream velocity, and the ridge removal.
The air-water mixture jet was investigated both for submerged ͑S͒ and for unsubmerged ͑U͒ jet flow conditions. The latter corresponds to the common arrangement with a jet traveling through the atmosphere and impacting onto an almost stagnant water body. For submerged flow, the pipe length was increased such that the jet issued below the water surface. Both configurations may occur in applications, and the differences between these two flow types were investigated herein.
Compared to the standard setup involving a spillway and a ski-jump, the present experimental configuration was simple. A typical experiment lasted for about 1 h. This included preparation of a horizontal sediment surface as described by Canepa and Hager ͑2003͒, and air supply to the conduit. Time was set to zero once water discharge was added, the axial scour profiles at times 1, 5, 10, and normally 20 min after test initiation were recorded, along with the sediment surface for the "dry" conditions, i.e., after the scour hole was drained at the test end ͓Fig. 1͑b͔͒. The sediment surface during a test was recorded under "dynamic" conditions, thus when an experiment was in progress, except for 1 min after test initiation, where only the maximum scour depth was measured. This contrasts other works in which the "static" sediment surface was recorded, i.e., the jet was either stopped or deflected. The present experiments lasted until conditions close to an end-scour resulted, for which the scour hole undergoes practically no more temporal changes.
The instrumentation used in this work was described by Canepa and Hager ͑2003͒. It consisted of a special gauge with a 40 mm circular plate at its lower end to detect the sediment surface under dynamic flow conditions ͓Fig. 1͑b͔͒. This instrument allowed for scour surface readings without direct optical contact because of the presence of dust and air bubbles in the scour hole. The axial water surface profile across the scour hole was observed with a standard point gauge. Usually, the surface was almost horizontal for the relatively high tailwater conditions investigated.
All experiments in Series I were conducted in a narrow range of relative tailwater depth between 3 and 4 pipe diameters D. The relative tailwater elevation has a significant effect on the various scour parameters and was investigated in Series II.
Experimental Results-Test Series I

Definitions
Two test series were conducted with some hundreds of experiments in total. The following relates to Test Series I. Fig. 2 is a definition sketch of the main parameters involved in plane granular plunge pool scour. An air-water jet of diameter D and meancross-sectional velocity V AW = ͑Q A + Q W ͒ / ͓D 2 /4͔ impinges under the angle ␣ a water body of initial depth h o . Either this height submerges the conduit outlet to result in submerged ͑S͒ jet flow, or produces unsubmerged ͑U͒ conduit outflow. The discharges are Q W for water and Q A for air. The original elevation of the sediment bed is z o . An almost plane scour hole of maximum depth z m at location x m from the scour origin x o develops under the action of the high-speed jet. The maximum deposition height is z M at location x M . The scour profile z͑x͒ intersects the original bed at locations x a and x u , respectively. The axial lengths involved in the definition of the scour geometry are
For two-phase jet flow involving air and water, the densimetric particle Froude number is
as the water velocity, gЈ = ͓͑ s − ͒ / ͔g as the reduced gravitational acceleration with the densities s and of sediment and water, respectively, and d i = determining grain size. The significant length scale is either the conduit diameter D or the black-water jet diameter D W = ͓͑4/͒͑Q W / V W ͔͒ 1/2 . The air content of the jet is ␤ = Q A / Q W . A so-called black-water jet occurs for ␤ = 0, whereas white-water jets result for ␤Ͼ0.
Effect of Jet Shape
The effect of jet shape on the maximum scour depth is important because flip-buckets may generate a jet geometry that deviates largely from the circular shape as used in the present tests. Therefore a special series of experiments was conducted using four different jet shapes: Circular conduits of internal diameters ͑1͒ D = 0.100 m ͑Canepa and Hager 2003͒ and ͑2͒ D = 0.070 m; and rectangular jets ͑3͒ of width b = 0.100 m and height h j = 0.029 m, and ͑4͒ inverted with b = 0.029 m and h j = 0.100 m. Only blackwater observations were considered because the effect of air is discussed below. The equivalent ͑subscript e͒ diameters of configurations ͑3͒ and ͑4͒ are D e = ͑4bh j / ͒ 1/2 = 0.061 m. The hose data of Canepa and Hager ͑2003͒ were not reconsidered because they followed essentially configuration ͑1͒, and their accuracy was considered too low. Fig. 3 shows the relative scour depth Z m = z m / D or z m / D e as a function of F d90 = V W / ͑gЈd 90 ͒ 1/2 for both the submerged and the unsubmerged jet flow conditions. In the figure insets, the symbols BW and WW denote black-water and white-water conditions, respectively. BW-U thus refers to unsubmerged black-water jet flow. Note from Fig. 3 that there is practically no jet shape effect provided that the cross-sectional average jet velocity is V = Q / ͑D e 2 /4͒. This result simplifies the application of the present research in practice. The data define a slightly curved line Fig. 1 . ͑a͒ Generation of plunge pool scour using a pressurized air-water mixture jet and ͑b͒ scour for "dry" conditions after completion of an experimental run with the origin at ͑0;0͒. For the application range of F d90 Ͻ 20, the data may be approximated with a straight line.
Effect of Jet Impact Angle
The maximum scour depth Z m may be expressed with independent functions f 1 to f 6 accounting for the main parameters of the present research as Fig. 4 shows black-water data as Z m+ = Z m / f 2 ͑␣͒ in which f 2 = 0.38 sin͑␣ + 22.5°͒ was fitted for both submerged ͑S͒ and unsubmerged ͑U͒ flows ͑f 7 =1͒ for the four jet impact angles ␣ = 30, 45, 60, and 90°. The difference between the S and the U data was found negligible from a detailed data analysis. For unsubmerged jet flow, the vertical distance from the pipe outlet to the tailwater surface was of the order of 2D. For black-water flows, scour depths are practically the same for jets impinging onto a water body and those issued below it. This important finding applies for a tailwater depth of at least 2.5 times the diameter D. The maximum scour depth for ␤ = 0 thus is from Eq. ͑1͒
The effect of the jet impact angle was originally assumed to follow the sine function. However, the data sets indicated that the scour depth is larger for ␣ = 60°than for 90°. This may be explained with two reasons: ͑1͒ the deposition height Z M ͑see below͒ is significantly larger for a jet impact angle of ␣ = 60°than of 90°because less sediment is suspended in the more confined scour hole of a vertical jet; and ͑2͒ the ridge erosion is larger for 60°than for 90°jets for otherwise identical conditions.
Effect of Jet Air Content
The jet air content ␤ = Q A / Q plays a significant role in plunge pool scour ͑Canepa and Hager 2003͒. It may either be analyzed with the black-water velocity
with D W as the black-water jet diameter, or with the air-water mixture velocity
The function f 3 ͑␤͒ in Eq. ͑1͒ was determined with the parameter 
͑3͒
where m = 0.75 for the unsubmerged and m = 0.50 for the submerged jet configuration, respectively. The effect of jet air content is ͑slightly͒ larger for unsubmerged than for submerged jets. The provisional equation for the maximum scour depth Z m due to an air-water mixture jet thus reads 
This relation includes the effects of equivalent jet diameter D e for noncircular jets, the jet impact angle ␣, the mixture velocity V AW , the relative density times the gravitational acceleration gЈ = ͓͑ s − ͒ / ͔g between sediment and fluid phases, the grain size d 90 , and the jet air content ␤. Fig. 6 compares the present observations with Eq. ͑4͒ for the 200 data sets of Series I for both submerged and unsubmerged jet flow conditions. Note that the white-water jets were almost uniformly aerated, in contrast to typical prototype jets with a black-water core and increasing air concentration from the jet axis towards the jet surface. This effect was considered relatively small. Both the externally aerated highspeed jet and jet impact geometries deviating strongly from the circular cross section must be investigated separately to confirm the present result, however.
Experimental Results-Test Series II
The original jet diameter of D = 0.070 m was reduced by inserting a smaller Plexiglas pipe into the supply pipe. Its internal diameter was D = 0.0465 m and its length 0.40 m; the pipe was attached either against or in the flow direction allowing one to locate its outlet close to the tailwater. The length of this pipe developed an outflow without any contraction.
Water discharges were up to Q W = 0.033 m 3 / s, and the air flow was absent in this test series. The tests were limited to ␣ = 30°and unsubmerged flows, given that the effects of the jet impact angle, the jet air content, and the submergence were considered in Series I. Fig. 7 shows the temporal advance of a scour hole. Fig. 7͑a͒ relates to the test beginning and Fig. 7͑b͒ refers to conditions some seconds later, indicating that scour progress is extremely fast in the early stage. After some minutes, the end scour hole is practically formed ͓Fig. 7͑c͔͒. Fig. 7͑d͒ shows conditions after the water was stopped and points to the uneven sediment distribution to be discussed below.
Three sediment mixtures M1, M2, and M3 were employed in Series II in addition to the practically uniform sediment M0 in Series I. The effect of tailwater level on the plunge pool scour was investigated by a systematical variation of the tailwater depth relative to the jet diameter. The tailwater depth was adjusted with the flap gate at the channel end. Depending on the tailwater and the approach flow conditions, the elevation of the sediment bed allowed for a variation of the relative tailwater depth. For some special tests, discharge was added from the upstream channel end to observe its effect on the scour hole. These conditions may arise in prototypes with recirculating flows deflected by a sediment ridge downstream of the scour hole, or if additional discharge originates from a bottom outlet. 
Effect of Tailwater Depth
The effect of tailwater depth T = h o / D was investigated for various conduit diameters D ranging between 46 and 100 mm thereby using exclusively black-water test conditions. Fig. 8 shows the relative scour depth
for relative tailwater depths T between 0.7 and 10 and sediment M0. Two features are noted: ͑1͒ the scour depth Z m increases linearly with the densimetric Froude number F d90 ; and ͑2͒ the relative scour depth Z m decreases as relative tailwater T increases, provided 4 ഛ F d90 ഛ 20; for F d90 Ͻ 3 practically no scour occurred.
The maximum scour depth is Z m = F d90 where depends on the relative tailwater as ͑Fig. 8͒ = 0.12 ln͑1/T͒ + 0.45 for 0.7 ഛ T ഛ 10 ͑5͒ Fig. 9 shows the significant tailwater effect on the scour hole geometry. For T Ͼ 5, the maximum scour depth ͑1͒ is comparatively small because of a relatively high ridge. For 3 Ͻ T Ͻ 4.5, the ridge height increases to its absolute maximum ͑see below͒, associated with a small increase of the scour depth ͑2͒, because of the shorter distance between jet impingement and the scour hole. Further decreasing T to roughly 2 erodes the ridge, depending on the grain size and the water velocity in the ridge region, resulting in a deeper scour hole ͑3͒. If T is reduced to values of the order of 1, the ridge is eroded and the scour hole is unprotected ͑4͒. The erosion of the ridge may not thoroughly be analyzed with the parameters introduced herein because sediment transport depends on additional quantities. Such a discussion was considered out of the scope of this research. Note that the tests of Canepa and Hager ͑2003͒ and those of Series I were conducted in the narrow range of 3 Ͻ T Ͻ 4.5. 
Effect of Granulometry
An alternative approach involving F d50 is presented in the Appendix.
Effect of Upstream Velocity
The effect of the upstream ͑subscript u͒ velocity V u on the scour features was established with 40 separate tests by systematical variation of the upstream Froude number F u = V u / ͑gh o ͒ 1/2 ͑Fig. 2͒. As F u is increased, suspended sediment in the scour hole is transported in the tailwater, resulting in a deeper scour hole and usually a smaller ridge because of ridge erosion.
The effects of tailwater f 4 ͑T͒ and sediment nonuniformity f 5 ͑͒ are accounted for with Eqs. ͑5͒ and ͑7͒. Fig. 11 relates to the effect of F u on the maximum scour depth
The data scatter is large, but the effect is evident. Note the increase of scour depth of more than 50% for F u = 0.30. The upstream Froude number must be limited unless an artificial ridge removal is a concern.
Ridge Removal
In special tests the sediment ridge ͑subscript r͒ was constantly removed during an experiment to provide a horizontal sediment surface downstream of the scour hole, to explore whether the scour increases. As mentioned, a ridge protects a scour hole from further deepening, but this may be undesirable in certain conditions. Fig. 12 shows the maximum scour depth Z m as a function of F d90 and the relative tailwater T for ridge removal. It demonstrates some increase of scour hole depth as compared with conditions when the ridge is not removed. The slope of the curve Z m ͑F d90 ͒ increases by a factor ⌬ = + 0.07, independent of all other parameters. Eq. ͑5͒ may be generalized to = 0.12 ln͑1/T͒ + C r for T −1 Ͼ 0.05 ͑9͒ with C r = 0.45 for ridge presence, and C r = 0.52 for artificial ridge removal.
General Equation for Maximum Depth of Scour Hole
Based on Canepa and Hager ͑2003͒ and the present research, the effects of all independent parameters influencing the maximum scour depth Z m = z m / D can be assessed with Densimetric Froude number 
͑15͒
The final expression for the maximum depth of a plunge pool scour thus is 
All individual effects are independently listed from each other. The exponent in Eq. ͑12͒ is m = 0.75 for unsubmerged and m = 0.50 for submerged jet flow. The coefficient 1/͑0.3͒ in Eq. ͑13͒ was introduced to be coherent with Eq. ͑4͒ established for T Х 3.5, i.e., f 4 ͑T = 3.5͒ = ͓0.12 ln͑1 / 3.5͒ + 0.45͔ / 0.3= 1. 
Further Observations
The effect of sediment nonuniformity on the dimensional scour hole geometry is shown in Fig. 14. All tests refer to black-water of discharge Q = 21.8 L / s with = 1.22 ͑almost uniform͒, 1.73, and 2.66: A scour hole deepens as granulate becomes uniform. In all three cases a ridge is formed, whose height increases as the scour hole becomes deeper. Also included are the static scour holes, demonstrating a significant difference with the dynamic scour hole ͑Pagliara et al. 2004a͒.
The effect of the upstream Froude number F u on the dimensional scour hole geometry is shown in Fig. 15 . For F u Х 0 both scour depth and ridge height are relatively small. By increasing F u for otherwise identical conditions, the scour hole deepens continuously. This is not true for the ridge, however. As F u increases, the deposition height first increases to a maximum ͑second largest discharge in this example͒ and then reduces because of the increased transport capacity of the combined jet and upstream discharges. As mentioned, this aspect needs further attention.
Maximum Ridge Height
The maximum ridge height Z M = z M / D allows predicting tailwater phenomena for the unsubmerged ͑U͒ and the submerged ͑S͒ jet flows. The maximum ridge height increases linearly with F d90 . Fig. 16͑a͒ shows the data for ␣ = 30°and T Х 3.5. The maximum ridge height for unsubmerged flow is almost twice those for submerged flow because the additional air entrained by the unsubmerged plunging jet lifts the sediment particles close to the free surface from where they are transported to the ridge. A considerable air entrainment results also for unsubmerged jets with a black-water approach flow. Fig. 16͑b͒ shows the decrease of Z M with ␣ for unsubmerged jet flows; even smaller values result for submerged jet flow ͓Fig. 16͑c͔͒. These may be expressed with R 2 = 0.94 as
Here A =0, B = 16, and n = 1 for unsubmerged, and A = 0.3, B = 438, and n = 2 for submerged jet flows, respectively. The ridge height may thus be kept small for either a large jet impact angle ␣ or a small densimetric Froude number. The effect of jet air content ␤ on Z M is analyzed as previously was the maximum scour depth. Again, unsubmerged and submerged jet flow conditions require a separate treatment. Fig. 17͑a͒ shows Z M+ = Z M / f 2 ͑␣͒ as a function of ␤ for unsubmerged jet flow similar to Eq. ͑3͒ with F =1 as
For submerged jet flow, the data follow a different trend, with an initial increase to a maximum of almost 1.4, followed by a decrease similar to the unsubmerged jet flow ͓Fig. 17͑b͔͒. For ␤Ͼ2.5, these data follow Eq. ͑18͒ with F = 1.5. Note that the scatter in predicting the ridge height is generally larger than for the maximum scour depth. This is attributed to erosion of the ridge for small overflow depths. Eq. ͑18͒ represents a logic extension of Eq. ͑3͒. Fig. 18͑a͒ relates to the maximum deposition height Z M = z M / D as a function of F d90 for various relative tailwater depths T = h o / D. Ridge heights are relatively small for small T, increase for the sediment M0 used to a maximum for T Ϸ 5 to decrease again due to the reduced jet momentum for large T. Eq. ͑17͒ thus refers to the absolute maximum ridge height, and may serve for designing plunge pools ͓solid top curve in Fig. 18͑a͔͒ . The lines added connect the experimental data without any computational approach because of the complexity of the phenomena. Fig. 18͑b͒ refers to the combined effect of relative tailwater T and upstream Froude number F u . Except for very small tailwater, all curves increase with F u because the material suspended over the scour hole is transported downstream onto the ridge, as mentioned. The full lines in Fig. 18 are valid for F u = 0 and T Х 5. The ridge height is considered less important than the scour depth for design purposes, such that the major efforts were concentrated to the latter parameter.
Scour Hole Geometry
Length Parameters
The relative scour hole length L m = l m / D from the origin to its maximum depth ͑Fig. 2͒ is plotted in Fig. 19 as a function of F d90 ,   Fig. 16 . Maximum ridge height ͑a͒ Z M ͑F d90 ͒ for ␣ = 30°for unsubmerged ͑up͒ and submerged ͑down͒ jet flow conditions, Z M ͑F d90 ͒ for 30°ഛ␣ഛ90°for ͑b͒ unsubmerged and ͑c͒ submerged jet flow conditions, ͑-͒ Eq. ͑17͒, T Ӎ 3.5 Fig. 17 . Effect of jet air content ␤ on maximum ridge height Z M+ for ͑a͒ unsubmerged and ͑b͒ submerged jet flows, ͑-͒ Eq. ͑18͒, T Ӎ 3.5 Fig. 18 . ͑a͒ Effect of relative tailwater T on maximum ridge height Z M for uniform sediment ͑thick line represents the data envelope͒ and ͑b͒ effect of F d90 and T on Z M for F u Ͼ 0 for ␣ =30°, T Ӎ 3.5 and unsubmerged black-water flow. The data of Canepa and Hager ͑2003͒ and those of the present study collapse on a straight line. Fig. 20͑a͒ shows that the data of Series I relating to the unsubmerged ͑full lines͒ are higher than for the submerged ͑dashed lines͒ jet flows. The trend lines may be expressed with C = 0.90 for the submerged, and C = 1.0 for the unsubmerged jet flows as
The length l a = x a − x o from the scour origin x o to the point x a where the scour profile intersects the original bed elevation varies with both ␣ and F d90 . Fig. 20͑b͒ shows a combined plot relating L a = l a / D to F d90 for both unsubmerged and submerged jet flows. These data may be expressed with a = 1.05 for unsubmerged and a = 0.85 for submerged jet flows, respectively, as
The nondimensional length L M = l M / D of the ridge maximum from the scour origin varies with F d90 and ␣ with M = 1.5 for unsubmerged and M = 1 for submerged jet flow conditions as ͓Fig. 20͑c͔͒
The total length L u = l u / D from the scour hole origin to the ridge end may be expressed as ͓Fig. 20͑d͔͒
with u = 1.5 for unsubmerged and u = 1 for submerged flow, respectively. These lengths serve as the basis of a generalized scour profile. The previously established relations for the four length scales across a scour hole were further processed by comparing observations with predictions according to Eqs. ͑19͒-͑22͒ resulting in R 2 = 0.81.
Scour Hole Profile
Once the main scour hole lengths were determined, the profile was considered. Fig. 21͑a͒ shows the nondimensional plot
, with all data passing through the profile minimum ͑0;−1͒. Note that the falling profile limb is slightly higher for the submerged than for the unsubmerged jet data. The curves start at X m = −0.62 and −0.69, respectively, and pass through X m = + 0.38 and +0.31 at the other side. Due to the selected data normalization, the ridge profiles are poorly reproduced. A different treatment is presented below. Note also the larger ridge heights for the white-water than for the black-water jet data, as previously stated. A generalized data analysis for the scour hole profiles of Series I for jet angles 30°ഛ␣ഛ60°indicates the typical scatter of Fig.  21͑a͒ . All profiles may approximated by The normalization selected for the generalized scour profile thus allows for a simple data analysis independent from the jet impact angle ␣, the jet air content ␤, and the tailwater conditions ͑U;S͒ because these effects are contained in the previously established scalings. Fig. 22͑a͒ compares all data for ␣ = 30, 45, and 60°with Eq. ͑23͒, resulting in an acceptable overall fit ͑R 2 = 0.85͒. Fig. 21͑b͒ relates to the jet impact angle ␣ = 90°and shows an almost symmetrical scour hole profile. The latter is accounted for with the symmetry ͑subscript s͒ parameter X s =2͑x o − x m ͒ / ͑x a − x o ͒ to result in X s = −1 for perfect symmetry. Fig. 21͑c͒ shows X s ͑␣͒ and demonstrates the previously noted fact according to which profile symmetry is attained for a vertical jet. The data of Series II were also described with Eq. ͑23͒ for all tests, resulting in a similar agreement with predictions. Fig. 22͑b͒ relates to the ridge profiles expressed as Z / Z M ͑X M ͒ with X M = ͑x − x a ͒ / ͑x M − x a ͒ for 30°ഛ␣ഛ90°. All profiles pass thus through points ͑0;0͒ and ͑1;1͒ and tend to disperse further downstream. The profile equation is the parabola
Eqs. ͑23͒ and ͑24͒ predict the general scour hole and ridge profiles provided the tailwater elevation is so high that no appreciable erosion occurs on the ridge crest. The erosion pattern of the ridge needs additional attention because of the combined deposition and erosion pattern. The research of Canepa and Hager ͑2003͒ investigated whether the Froude similitude may be applied for the three-phase jet flow configuration, and whether an extended version of the densimetric Froude number accounts correctly for the flow con- ditions. Their results were slightly modified in the present work using the additional data. However, all except for the "hose data" of Canepa and Hager ͑2003͒ were included in the updated data analysis.
Comparison with Existing Knowledge
Limitations
This research involves 435 experiments including those of Canepa and Hager ͑2003͒. The main parameters influencing plunge pool scour were varied, namely: 1. Densimetric particle Froude number F d90 as the ratio between the approach water jet velocity V W relative to the scaling velocity computed as the square root of reduced gravitational acceleration gЈ times the sediment size d 90 . It was demonstrated that scale effects are absent if the jet velocity is larger than 1 m/s and the sediment size has a minimum of 1 mm. The densimetric Froude number varied between 4 and 20; 2. Jet impact angle ␣ varied between 30 and 90°; its effect on plunge pool scour is not as large as would be expected; scour hole depths increase with the jet angle, whereas the ridge height decreases for otherwise identical conditions; 3. Jet air content ␤ as the ratio between air and water discharges has a significant effect on the scour hole. The larger ␤, the smaller is the scour hole. Values of ␤ up to 12 were considered, for which the fluid phase was only a small portion of the gas phase; 4. Relative tailwater height T as the ratio between the tailwater depth and the jet diameter D was varied between 0.7 and 10. Its effect on the maximum scour depth is significant. A scour hole is deep for small T and reduces for larger T, for otherwise identical conditions. The ridge height has a maximum for T Х 3.5 due to the combined effect of jet diffusion and ridge erosion; 5. Sediment nonuniformity was varied up to 2.7. A scour hole is deeper for uniform sediment than for a nonuniform granular bed under otherwise identical conditions; and 6. Upstream Froude number F u was up to 0.44 and has a limited effect on the scour process. The scour hole increases with F u whereas the ridge may become either smaller or larger as compared with F u =0. A number of other parameters were also systematically accounted for, such as the continuous ridge removal or jets that are either free or submerged from the tailwater. A major conclusion of this research is that all results apply exclusively for Froude similitude. Further, the scour surface was made up with incohesive granulate onto which an almost plane plunge pool scour developed. The maximum scour hole depth follows then Eqs. ͑10͒-͑16͒ within an estimated accuracy of ±20%. Other parameters such as the scour hole profile or the ridge height may be subject to a larger variation.
Conclusions
Plane plunge pool scour for both pre-aerated white-water, and black-water high-speed jets from a pipe arrangement were considered to determine its prominent features. In contrast to prototypes, the scour hole was simulated with incohesive sediment whose resistance against scour action is less than for a rock conglomerate. It was observed that the jet shape had a small effect on the scour depth provided the densimetric particle Froude number F d90 is employed as the variable involving the average jet velocity, the reduced gravitational acceleration, and the determining particle size. The maximum scour depth relative to the jet diameter was also related to the jet air content ␤, the relative tailwater elevation T, and the sediment characteristics as expressed with d 90 and both for unsubmerged and submerged jet flows. The deviation of the experimental data for jet impact angles between 30 and 90°from the maximum scour depth prediction ͑16͒ was less than ±20%. The maximum ridge height was also investigated resulting in differences between the unsubmerged and the submerged jet flow configurations. The scour hole profile was defined using four typical lengths. Differences between the submerged and the unsubmerged jet configurations were noted.
The densimetric particle Froude number has the main effect on the plunge pool scour. To reduce scour, the jet velocity must technically be limited, whereas the effect of grain size is relatively small. The main features of the nearly plane plunge pool scour are thus available for a range of geometrical and hydraulic configurations.
Appendix. Effect of Granulometry Based on Median Grain Size
All previous results were presented in terms of the densimetric Froude number F d90 involving the almost largest grain size d 90 . The purpose of this Appendix is to relate all data to F d50 . Fig.  23͑a͒ shows the data of Fig. 8 as Z m ͑F d50 ͒ for various relative tailwater depths T. As previously, these data follow the expression Z m = 50 · F d50 , where 50 = slope related to that presentation, with 
where f 3 = f 3 Ј, f 4 = f 4 Ј, f 6 = f 6 Ј, and 
